Introduction
. These changes, including rising incomes, have seen a concomitant increase in 6 food consumption and shift towards higher rates of consumption of commodities that are more land-7 intensive to supply; in particular meat and milk (Godfray et al., 2010; Tilman and Clark, 2014; 8 Weinzettel et al., 2013). 9 10 Shifts in diets have become an increasingly important driver for land use change over time (Alexander 11 et al., 2015; Kastner et al., 2012) , a process that is likely to continue even as the rate of population 12 growth slows (van Vuuren and Carter, 2014). Although increases in yields and production efficiencies 13 have offset additional demand for food commodities, agricultural land areas have been expanding 14 (FAOSTAT, 2015a) . Environmental impacts can occur either through the expansion of agricultural 15 production and consequent loss of a previous land cover, or through the intensification of production, 16 e.g. eutrophication or biodiversity loss . Land use and the environmental impacts 17 associated with agricultural production are also increasingly displaced from the country of rising global rates of obesity and increases in associated diseases, e.g. diabetes and heart disease (Hu ,  23 2011; Tilman and Clark, 2014). 24 25 Animal products contribute disproportionately low amounts of energy and protein to human diets 26 (respectively 18 and 39 % globally in 2011), relative to their land-use footprint (pasture accounts for 27 approximately 68% of agricultural land, plus around one third of cropland is used for the production of 28 animal feeds (Alexander et al., 2015; FAO, 2006)). However, grassland is a broad category that covers a 29 diverse range of intensities, from intensively managed pasture to extensively used savannahs with little 30 or no inputs of fertiliser or other management, meaning that direct comparisons between different 31 land use areas are difficult. Nonetheless, the expansion of pasture (62% of the expansion in agricultural 32 area from 1961 to 2011 (FAOSTAT, 2015a)), as well as the increasing use of crops for feed, 33
demonstrates the critical importance of animal products as a driver of land use change. Animal 34 products also play a role in water consumption (Jalava et al., 2014), and agricultural GHG emissions not 35 associated with land use change (Tilman and Clark, 2014) . The impacts from food production, both of 36 animal products and crops, are exacerbated by losses or inefficiencies that exist at each stage in the 37 production system, from harvesting, through transport and storage, to processing and finally at the 38 consumer (Gustavsson et al., 2011; Parfitt et al., 2010). 39 40 Future food requirements could be met through a combination of increasing production and reducing 41 demand. However, substantial attention has been given to supply-side responses, including expanding 42 land in agricultural use and increasing food yields, especially crops (e.g. closing the 'yield gap' or 43 'sustainable intensification') (Foley et al. variations in food consumption patterns on agricultural land use, by quantifying trade in the embodied 10 human appropriation of biomass net primary production. But, despite the potential significance of 11 consumer behaviours on land use, no attempt appears to have been made to quantify the land use 12 impacts of existing diets, dissociated from the complicating effect of domestic production and 13 international trade. 14 15
Here, we address this gap by proposing a new index and using it to quantify the land use requirements 16 of diets by country and over time (from 1961 to 2011). The Human Appropriation of Land for Food 17 (HALF) index expresses the land area required for the global population to consume a particular diet, as 18 a percentage of the world land surface. HALF therefore provides a relative measure of the scale of the 19 impacts of alternative diets on land use. Diet here is assumed to include the quantities of commodities 20 lost and wasted after reaching the consumer. The index is calculated from global average production 21 intensities and yields from a baseline year, primarily 2011. HALF is accordingly not predictive, as 22 adaptive responses in production systems that may result from changes in demand are excluded. 23 Rather, the HALF index is a metric that characterises the land use impact of alternative scenarios of 24 dietary patterns. The results can be interpreted in terms of both methods and areas of production, 25 with a given increase in the HALF index implying the same increase in agricultural areas, an equivalent 26 increase in productive efficiency, or some combination of the two. 27 28
Method

29
FAO country-level panel data for crop areas, production quantities, commodity uses and nutrient values 30 were used to construct the HALF index (FAOSTAT, 2015a (FAOSTAT, , 2015b (FAOSTAT, , 2015c (FAOSTAT, , 2015d . Global 31 average production values and efficiencies for primary crops, processed commodities and livestock 32 products were used to calculate the agricultural areas needed to meet per capita consumption for each 33 country. The index is expressed as the percentage of the world's land surface required for the global 34 population to adopt each country's diet. All diets are evaluated using the global average production 35 system. Assessments of country average diet do not use production or international trade associated 36 with that country, except as they contribute to the world average. The calculations and assumptions 37 are described in more detail below, with a summary of assumptions available in Table S2 . 38 39 (a) Allocating areas for food commodities 40 The areas associated with the production of 90 commodities (see Table S3 ), representing 99.4% of 41 global food consumption by calorific value, were each allocated between three categories of use: food 42 for human consumption, animal feed, and non-food related uses (primarily biofuels and fibre). The 43 commodities comprise 50 primary crops that are directly grown, 32 processed commodities derived 44 from them, and 8 livestock products. The FAO commodity balance data (FAOSTAT, 2015d) identifies 45 the quantities used for food, feed, processing, other non-food related uses (primarily, bioenergy and 46 fibre), seed and waste. To provide an assessment of the embedded areas required for delivering the 47 consumed commodities two adjustments were made. Firstly, for each primary crop, the quantities 48 used as seed and wasted (e.g. in storage and transport) were distributed across the remaining 1 categories of use (i.e. food, feed, processing and non-food). The second adjustment deals with the 2 difference between the total cropland area and the harvested areas (e.g. in 2011, respectively, 1556 3
Mha and 1378 Mha (FAOSTAT, 2015a, 2015c)) due to set-aside, multiple-cropping, and failed or 4 unharvested crops. To account for these differences, the cropland area for each primary crop was 5 adjusted by the ratio of these areas (e.g. in 2011 areas they are increased by a factor of 1.129). After 6 applying both the adjustments, the cropland area for each primary crop was then allocated pro-rata 7 between the categories of use (i.e. food, feed, processing and non-food), by the mass used for each 8
category. This approach removes the areas used to produce commodities for bioenergy, fibre or other 9 non-food uses. Example calculations are given in the SI Methods. 10 11
The areas used to grow the primary crops for processing were further mapped to the commodities 12 output from the processing. Where multiple commodities are produced from a single crop, the areas 13 used to grow the primary crop were allocated on an approximate economic value basis (Table S4) . For 14 example, processed oil crop areas were divided equally between the resulting oil (used primarily for 15 food and biofuel), and the seed meals or cakes (used primarily for livestock feed). In 2011, 224. there are no empirical data to describe directly how these sources of nutrition are divided between 29 livestock species, and hence between commodity types such as meat, milk and eggs. Instead, feed 30 conversion ratios (FCRs), describing the efficiency of converting inputs into edible animal products, 31 were used to estimate animal feed requirements (Table 1) . Commonly, FCRs are expressed in terms of 32 dry matter (DM) of feed per animal live weight (LW). To represent the production efficiency of meat 33 consumed by humans, these ratios were adjusted to express feeding requirements per unit edible 34 weight (EW), and also to account for the need to raise sire and dam animals (Smil, 2002 The average consumption per capita and per commodity were calculated globally and nationally 6 (FAOSTAT, 2015b (FAOSTAT, , 2015d . The area required to produce each commodity was determined from the 7 global production system land use allocations (described above). The area needed to provide all the 8 commodities for each country's diet if it were adopted by the global population could then be 9 calculated (FAOSTAT, 2015g). This was expressed as a proportion of total global land area to obtain the 10 Human Appropriation of Land for Food (HALF) value. HALF values were also calculated to quantify the 11 land use impacts of changes in country-level diets over time. The values primarily used here were 12 calculated with variable diet only, and a constant baseline population and production system (2011 was 13 chosen as the most recent year with available values (FAOSTAT, 2015d)). 14 15
National land footprints for food, i.e. an estimate of the actual agricultural land area used supply to 16 each country's food, were also calculated based on domestic production and the land displaced 17 through international trade. This used the same data as the HALF calculation, and accounted for 18 imports and exports following the approach of previous studies (Alexander et al., 2015; Jalava et al., 19 2014). For each commodity, net exports were included using the domestic production yields, and net 20 imports using the global mean yields of net exports (weighed by net export quantities). The country 21 footprints were expressed as an area per capita using country populations (FAOSTAT, 2015g).
22
Expressing as a fraction of global land area required for the global population, to match HALF values, 23 could not be justified as the land footprints are country specific (e.g. in climate and soil). 24 25 (d) Decomposing dietary changes into quantities consumed and commodity profiles 1 The impacts of potential shifts in diets from the 2011 global baseline to that of a particular country was 2 decomposed into two parts. The first part represents a shift in the total quantity of nutrients consumed 3 while holding the proportional contribution of each commodity constant. The second part represents a 4 shift in the ratio or profile of commodities consumed, while holding the total nutrient level constant. 5
These two parts were expressed both in protein and energy terms, with nutritional values by mass for 6 each commodity derived from global FAO food supply data (FAOSTAT, 2015e, 2015f). For example, the 7 average energy consumed per capita globally is 11.9 MJ/person/day, while in the USA the average is 8 16.6 MJ/person/day, i.e. 40% more. Therefore, if the current global profile commodities remained 9
unchanged, but the energy consumed increased to that of the USA, 40% more land would be required 10 for production, in the absence of production intensification. This is reflected in a 40% increase in HALF. 11 However, consumption in the USA also differs in the relative profile of the different commodities 12
consumed. These differences also have an effect on the land required, evaluated without the influence 13 of the quantity differences in the 'profile' type. 14 15
Results
16
(a) Global and country-level HALF 17 The total agricultural area used for human food production was There are large differences in HALF values between country-level average diets. For example, the 29 global adoption of the diet in the USA would require over 6 times the agricultural area that adoption of 30 the diet in India, with a HALF index of 97.7 compared to India's 15.8. Figure 1 shows the HALF index at 31 2011 for the average diets of 170 countries for which sufficient data were available (Table S5) The HALF results use global mean production efficiencies, and so no specific account is taken of 6 domestic (national) production except as it contributes to the world average. The national food 7 footprints ( Figure S1 ) include aspects of diet and production within them, whereas HALF ( Figure 1 ) only 8 includes variations in diet. The distribution of these national footprints differ from the distribution of 9 HALF values as a result (e.g. Mongolia has a per capita footprint 3 times greater than any other country 10 (39 ha/person), due to the use of extensive grazing). Many developed countries have a lower land use 11 footprint than implied by the HALF index, due to the high agricultural yields in these countries. For 12 example, the USA was found to have a national food footprint of 1.0 ha/person, but a HALF of 1. 8 13 ha/person. The first value addresses, "how much land is used to produce the food consumed in the 14 USA?", and the second "how much land would be used if the global population adopted the average 15 diet in the USA". The inclusion of production systems within the land footprint to some degree 16 obscures the understanding of the role of diet in the global food system. HALF, therefore, provides 17 both a clearer comparative metric between countries of the land requirements of different diets, and 18 also a way to consider the impacts from changes in dietary patterns. an increasing proportion of land is used for non-food uses of agricultural commodities, i.e. feedstocks 1 for biofuels. 2 3
The central role of the types of foods consumed in determining the agricultural land requirements of 4 different diets, compared to the overall quantity of nutrients consumed, can be seen from the 5 calculated energy intake and the percentage derived from animal products (Figure 3) . Variation in total 6 food energy consumed between countries and over time is substantially smaller than the variations in 7 the land needed (Figure 3 & Figure S2 ). In 2011, the per capita land required to sustain a USA diet was 8 635% of that required for an Indian diet, even though the energy content of the food was only 65% 9 greater (or 99% greater in terms of protein; see Figure S3 ). This disparity stems from the profile of 10 commodities consumed, with 30% of energy derived from animal products in the USA and 9% in India 11 (65% and 19% respectively for protein). This greater proportion of animal products increases the land 12 requirements in comparison to a predominantly vegetarian diet, e.g. as in India. proportion of nutrients from animal products is in large part due to the increased consumption of 25 vegetal products, particularly vegetal oil, e.g. soybean oil. For example, in the USA vegetal oils provided 26 9.6% of calories in 1961, but this expanded to 19.2% by 2011 (14.5% from soya bean oil alone). 27 Consumption of these oils accounts for over half (55%) of the 3.2 MJ/person/day increase in energy 28 consumed in the USA, with other sweeteners (i.e. corn syrup) and poultry meat respectively accounting 29 for 26% and 18% of the rise. This is due to the high rates of consumption of the commodities derived from monogastric animals 5 (Figure 4) , which have lower feed conversion ratios and lower land requirements in comparison to 6 ruminants, although direct energy inputs are higher (Table 1) . For example, the average diet in China 7 contained around half the global average amount of beef (53%), but more than twice that of pork 8 (239%). The rise in global HALF (8.5%) is also modest (Figure 2 ), given the rise in nutrients (28% rise in 9 energy and protein) and the proportions derived from animals (increased by 11% for energy and 25% 10 for protein). Again this can be understood by reference to the changes in the relative quantities of 11 meats consumed (Figure 4 21 Changes in diets and dietary impacts on land use are uncertain and are influenced by multiple factors, 22 both economic and environmental. Two contrasting alternative scenario were used as exemplars to 23 analyse the impacts of diet on global agricultural land use; the global adoption of the current diets of 24 India and the USA. Although these countries are not the most extreme cases, they are major 25 economies, with large populations, in which diets lie close to the lowest and highest land use 26 requirements respectively (of the 170 countries included, India has the 13 th lowest HALF value and the 27 USA has the 6 th highest, Table S5 ). Consideration of the adoption of these diets by the global 28 population therefore provides a broad envelope within which human appropriation of land for food is 29 likely to vary, but these are intended to be illustrative rather than represent equally plausible 30 alternative futures. The net change in land use from a shift in global diet was decomposed into two 31 parts; one considering a change in the quantity of nutrients consumed, and a second the profile of 32 commodities consumed. The profile of commodities (i.e. the sources from which nutrients are derived) 33 was found to have a greater impact on land use than the quantities of nutrients consumed, in the 34 dietary transitions considered (Table 2) 
11
The impact of contrasting diets is much larger for the livestock area compared to cropland area used for 12 food for human consumption. A more than 3-fold increase is required in livestock area (pasture and 13 cropland for feed) under the USA diet scenario, increasing HALF by 178%. This area is needed both to 14 support the increased quantities of nutrients consumed and the changes in dietary profile towards a 15 greater proportion of animal products. Conversely, the lower overall consumption and the lower 16
proportion from animal products in India suggests the livestock area would drop to less than a third of 17 the current area, and reduce the overall HALF by 55%. The changes in cropland required to produce 18 food for human consumption are comparatively modest with both the Indian and USA diets, with a 4% 19 fall and a 21% rise respectively. The profile of the Indian diet is weighted towards vegetal crops, but 20 the impact of this is offset by the lower level of nutrient intake overall. The opposite is the case for the 21 average diet in America, with lower emphasis on crops, but higher overall consumption. 9 The results show that global adoption of diets already consumed by hundreds of millions of people 10 could lead to a magnitude of change greater than a doubling or halving of current agricultural land area. (b) Uncertainties in the analysis 13 The results presented are derived under a set of assumptions with related uncertainties. Domestic 14 consumption is assumed to be supplied from the global production system. For example, countries 15 where grass-fed beef production systems predominate are treated identically to countries where 16 housed or feed-based systems are more common, as all use global average values. The distribution of 17 high HALF index values (Figure 1 ), appear to be associated with countries with substantial grassland 18 areas and high levels of beef production. This is not due directly to the production system, but to 19 these countries having high levels of beef consumption. The same effect occurs with vegetal 20 commodities, where countries with high production intensities and yields are assigned the same global 21 average as lower-yielding countries. Consequently, in countries with above-average yields, the HALF 22 areas associated with growing that crop would be higher than domestic production implies. The 23 national agricultural land footprints ( Figure S1 ), gives the results of a similar calculation, but based on 24 domestic production and accounting for international trade (rather than a global average). Given the 25 research aims, we believe the approach of using a global average production systems is reasonable 26 because of the global scale of the analysis (considering global adoption of alternative diets), and also (c) Obesity, malnutrition and waste 1 The findings presented here are based on the average food reaching consumers rather than human 2 nutritional requirements, and it is important to consider the extent to which these differ within a 3 population. Distinctions arise due to over-eating and, conversely, malnutrition, through waste of food 4 by consumers (Eshel and Martin, 2006), and also inequalities in distribution (Porkka et al., 2013). 5
Losses and waste occur at each stage of the food supply chain, with overall food waste, accounting for 6 losses in production and at the consumer, estimated to be around 25-40% of total food production 7 (Godfray et al., 2010; Kummu et al., 2012). HALF values include losses both in the production system 8 (e.g. unharvested crops and losses in storage, transportation, and processing) and at the consumer. 9
Production system losses are derived from the global production efficiencies, and therefore are 10 considered only as a global average. By contrast, food waste by consumers are included at a country 11 specific level, as this is included in the FAO commodity balance data used (FAOSTAT, 2015d other policies that target a number of different levels within society, has been questioned (Tiffin and  44 Arnoult, 2011). 45 46
Conclusions
1
Dramatically different requirements for land for food production could arise depending on the course 2 of dietary change -both in terms of quantity of food consumed per person, but more importantly in 3 terms of the mix of food commodities. A wide range of human appropriation of land for food was 4 found based on global adoption of current country-level average diets, far wider than the divergence in 5 energy or protein in-takes, with the difference due to the types of commodities in each diet, and in 6 particular the level of ruminant animal products. For example, if the diets of India or the USA were 7 adopted globally the impact from the change in the mix of commodities would be about twice that 8 from the quantities consumed. What we individually eat (or even waste), rather than how much, 9 appears to be more important for agricultural land requirements. However, waste and over-eating are 10 still important issues, with the results suggesting that the land required to produce the food wasted by 11 consumers (including over-consumption) given USA consumption, could provide more than twice the 12 food required under adoption of Indian consumption patterns. 
SI Methods (a) Example cropland area allocation calculations
Taking Soyabeans and its products as an example, the globally aggregated values for 2011 are shown in Table S1 . Soyabean processing area = soyabean production area * soyabean processing quantity / (soyabean food, feed, processing, non-food and stock variation) * total cropland area / total harvested area = 103. Stock variation is subtracted as it is defined in the FAO dataset such that "net increases in stocks (add to stock) are generally indicated by the negative sign".
The primary crop processing area is then mapped onto the commodities that result from the processing, with the allocation by the economic value of these resultant products. For oil crops is assumed to be 50:50 (see Table S4 ). Therefore, the production area for soyabean oil and soyabean cake are both 52.9 Mha. To obtain the areas associated with each use (i.e. food, feed, processing, nonfood) these use the same approach as above. For example, area for Soyabean oil this is as follows: The feed requirements, assuming all nutrients are from feed, are calculated using the FCR and quantity of the livestock product produced. For monogastrics species these values are taken as the feed amounts, and the associated areas used to grow these feeds. For example in 2011 global, 102.5 Mt of poultry meat was produced (FAOSTAT, 2015h). A FCR of 3.3 (Table 1) implies that 338.2 Mt of feed DM is required for poultry meat production. The total feed DM specified in the commodity balance data (converted to DM using feed moisture contents (INRA et al., 2016) ) is 1515.4 Mt produced from 504.4 Mha of cropland. Therefore, we can calculate the area for poultry meat feed as:
Poultry meat feed area = Poultry meat feed requirements * total feed area / total feed quantity = Poultry meat produced * poultry FCR * total feed area / total feed quantity = 102. Fixed production system, so no change in intensity in response to shifts in demand. However, an increase in the HALF can implying an increase in agricultural areas, an increase in productive efficiency (e.g. intensity), or a combination of both. The global nature of the analysis is predicated upon the globalised agricultural commodity markets.
Supply
Global average production efficiencies apply for all countries.
Supply Agricultural production does not adapt to demand changes.
Supply: Livestock
Mix of commodities used for animal feeds remains constant, and is set by the rates of use in the baseline data.
Monogastric livestock, i.e. pigs and poultry, nutritional requirements are derived exclusively from feed.
Disaggregation of cropland areas used to grow animal feed and pasture uses feed conversion ratios. Any inaccuracies in these values impacts the allocation of the areas between livestock product in the global case, but not the total areas.
Ruminant livestock, e.g. cattle, consume remaining feed (after meeting monogastrics requirements) and all pasture in proportion to the ruminant livestock's nutritional requirements.
Feed conversion ratios used to assess nutritional requirements for each type of livestock product. Animal fats derived from livestock in proportion to the energy from meat.
Demand
Consumption is defined as commodities reaching the consumer, and includes subsequent losses or waste, the rate of which varies globally.
Countries with higher rates of losses and waste at the consumer therefore leads to greater consumption and higher HALF values.
Diets considered are adopted on average by the global population.
Stylised scenarios of global adoption of selected diets. 
SI-3
